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ABSTRACT 
Thermal models from 3 sources (Watson, Outcalt and Rosema) were 
compared using similar input data and found to yield very different 
results. Watson-type models are very sensitive to albedo variations 
and to back-radiation from the sky. 
Field data with which to check the validity of models are rare and 
usually insufficient parameters were measured. Our Pisgah Crater-Lavic 
Lake data, for March 29-30, 1975, have been re-examined to indicate 
the serious discrepancy between results for thermal inertia, between 
JPL calculations (Kahle et al. 1976) and ours, when made using the 
same original data sets. 
Roof-top modelling experiments are underway to explore the practicality 
of determining thermal parameters of a known standardized material 
(Ottawa sand), when using remotely sensed data. 
! 
f 
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I. INTRODUCTION 
The Stanford Remote Sensing Laboratory has maintained a long and 
close relationship with thermal infrared mapping experiments. The often 
difficult acquisition of this experience has made us uniquely aware of 
both the advantages and problems of thermal mapping employing modelling 
techniques of thermal parameters with repeated diul 31 aircraft and/or 
satellite coverage. This same expertise with field measurement programs 
has made it painfully apparent to us that great difficulties exist in 
the determination of thermal parameters at the ground-air interface in 
an absolute sense. 
The work performed under this grant attempts to assess these 
determinations. This assessment includes a comparison of thermal mapping 
schemes, and the JPL/Stanford field effort at Pisgah Crater, California 
which indicated estit&Oltes of these "body-parameters" of the surficial 
materials may be in error as much as 100%. In light of these indications 
a study of a material with laboratory-determined thermal conductivity 
and diffusivity was begun to attempt to fix confidence limits on attempts 
to make absolute measurements of soil/rock thermal inertia. 
Adequate technology and reasonable software exists to create thermal 
inertia images from twice daily aircraft-satellite coverage, however, 
the accuracy of these determinations in terms of absolute measure remains 
to be established (Kahle, et.al., 1976). 
II. CONPARISON OF THERMAL MODELS 
The prediction of diurnal surface temperatures, given the thermal 
parameters of a material, is of considerable significance to any thermal 
study. The contemporary principles of one-dimensional heat flow on the 
earth's surface can be converted into mathematical models to resolve 
surface temperatures, and have been programmed by a number of scientists. 
The mathematical model is an extremely valuable technique, and infrared 
studies are improved by understanding the modelling results and using them 
to help recognize variations in thermal properties and anomalous geothermal 
sites. 
••• 
• 
• 
• 
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In order to study and perhaps analyze the significance of thermal 
modelling the components of four competitive models that compute the 
diurnal surface temperature will be analyzed. These models represent 
advances in our understanding of heat flow over the past five years. 
All four models were written for digital computations since they are based 
on rather complicated mathematical solutions. By comparing results of 
the models the significance of various thermal parameters will be made 
clear, and the applicability of their results to delineation of surface 
materials will be apparent. 
A. Description of Thermal Models 
MODEL 1. Watson (197la and 1971b) developed the first computer program 
of thermal modelling for interpretation of infrared images. A mathematical 
model for the diurnal surface temperature variation of the earth's surface 
was derived from the one-dimensionsl heat-conduction equation of Jaeger 
(1953) by applying the Laplace transform; 
F =--Y-
n . 1T T 
P 
m 
El V 4n-s+1. 
s= e 
(1) 
where F is the average flux into the ground in the nth interval, (y) 
n 
is thermal inertia, T is the period of the flux, V is the surface p s 
temperature as a periodic step function, and ~-s+l is a set of coefficients 
determined solely by the number of incremental steps m, in the period T • 
P 
The flux into the ground, F , is considered to be the result of solar 
n 
heating, FS ; atmospheric heating, FA ; and radiation from the ground, 
n n 
FG • 
n 
where 
F = FS + FA - FG • 
n n n n 
(2) 
It 
FS • fS. (l-A)M(Z) Cos Z + or It. Eav • day 
n AD n 
• or It - E(1J - 0 • 
.AN n night (3) 
and f is cloud cover, S. is the colar constant, A is albedo,M(Z) is air mass or 
an atmospheric transmission (M(Z) - 1-0.2 sec Z), Z is the zenith angle. 
a is the Stefan-Boltzmann constant, TAN is the effective nighttime sky 
temperature, TAD is the effective day time sky temperature, and 
E is the mean emmissivity. 
• • • 
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The model to this point assumes the grou
nd is flat, therefore, 
to improve the model a topographic corre
ction was introduced. Assuming 
that a change in surface slope will only
 alter significantly the incident 
solar flux. 
FS = fS. (l-A)M(Z) Cos Z'. 
n 
(4) 
where Cos Z' is the zenith angle modifie
d for local slope of dip 
angle d and strike azimuth from north $. 
Cos Z, - cos(A-dsin$) coso(cos(wt+dcos$) + tan(A-
dsi~)tan6). 
And A is th local latitude, 0 is sun's d
eclination, t is local time from 
noon, w the diurnal angular frequency. 
Significant topographic variation 
would therefore produce, for a singie si
te, a large variation in surface 
temperature that would be at a maximum n
ear noon and at a minimum near dawn.** 
Atmospheric effects are treated in terms
 of the cloud cover factors 
and transmission as a function of zenith
 angle. The model accounts for 
variations in convection, evaporation, a
nd condensation in the night and 
day sky temperature terms. 
Ii 
FAn = EaTAD day (5) 
It 
• EaT AN • night 
** Recent work by Watson (1975) has uncovered an 
error in the equation 
for zenith angle modified for local slop
e variations. Watson 
now expresses the relation: 
cos Z' • cosd cosZ -sind(sin~cos6 sin wt -
cos+sinocosA - sino sinA cos wt). 
However, because we have taken strike an
d dip in the model comparisons that 
follow to be zero the results are comple
tely unaffected. Either the 
relation for cos Z, originally contained
 in Watson's model or the correct 
relation will reduce (when strike and dip are both
 zero) to the normal 
zenith angle relation, 
cos Z - COSh coso cos wt + sinAsinO 
which is correctly formulated in the mod
el. 
J. 
,] 
I 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
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From analysis of computer runs Watson (197la) concluded that daytime 
variations of the sky temperature have a small effect on the ground 
temperature changes because insulation is the major source of surface 
heating; while at night, however, it has a marked effect on surface 
temperature because it is the major source of heating. 
The radiation from the ground, FG is affected by a number of 
n 
surface state effects. 
FG - LOV" 
n s 
(6) 
Equation (1) is solved subject to equations (2) through (6} by 
making an initial estimate of V and iteratively improving the solution. 
s 
The surface parameters of thermal inertia, albedo, and emissivity help 
formulate the initial guess. The properties of thermal inertia and 
albedo also strongly affect the amplitude of diurnal temperature 
variations and therefore significantly affect the acc~L~~ies of the 
~odel calculations. 
Watson et a1. (1971b), has eml1loyed the WATEMP model in the study 
of an arc~ near Mill Creek, Oklahoma. Model results agred with thermal 
contrasts exhibited by thermal infrared images from altitudes of lSOm to 
17 km. 
MODEL 2. Subsequent to the development of the Watson thermal model a 
similar prograc was developed, also based on a sinusoidal input for 
solar flux, at the Stanford Remote Sensing Lab. The Stanford temperature 
model program, SURTF.HP, was independently written early in 1972 by 
Andrew Green for fully interactive use on IBM 360/67 and subsequently 
adapted for use on the PDP-10 computer by Frank Honey. The program 
is intentionally similar to that of Watson in that input consists of 
cloud cover factor, albedo, emissivity, thermal inertia, latitude 
and sun'H declination, orientation, and inclination of the surface, 
and the day and night sky temperatures. However, differences exist 
in the c{aputations using thermal inertia and emissivity, and in 
establishing the initial esttm&te of surface temperature. The Watson 
program :.terative1y solves the equation for • values until IlT between the 
o last two iterations is 0.1 K. SURTEHP solves the equation employing a 
• 
-1-
maximum of 20 iterations (~va1ues). From the work of Jaeger (1953) this 
should yield an error in amplitude of the approximate results of about 2%. 
MODEL 3. A digital surface-climate simulator was developed by Outcalt (1912) 
following an analog solution for the diurnal surface thermal. and energy 
transfer, regimes based upon equilibrium temperature solutions by Myrup 
(1969). Though the model was developed for climatological studies, it is 
nevertheless applicable to surface thermal infrared studies in that it 
computes the diurnal variation of temperature from the surface to a depth of 
25 cm. The basic equation of energy transfer or radiation balance., 
R - H + LE + G. (1) 
set equal to zero. is the basis of the Myrup solution. Where H is tne 
vertical transfer of sensible heat to or from the air column, Le is the 
evaporation, and G is the net rate or flux of sensible heat into or out 
of the soil. By characterizing these terms by measurable parameters 
the Outcalt model takes the form: 
4 (l-a)(Q+q) + ~oT k 
s y 
K 
s 
(Z /2) 
s 
(T - T ) - O. 
n 0 
~ T 4 
l.O 0 
(8) 
where Z2' k. r. p. are fixed constants: (Q+q), Tsky ' U2, q2' T2• are 
meteorological variables; and at E, Z , X , Z , K , are terrain variables. 
o w s s 
The number of boundary conditions of the Outcalt model greatly exceed the 
Watson or SURTEHP models. However, the model results contain estimates of 
climatological and soil conditions useful to the climatologist (see Table 2). 
MODEL 4. A most recent thermal model was developed by Rosema (1914) to calculate 
the diurnal variation of surface temperature. The program solves the heat 
transport equations numerically using parabolic differential equations. It 
initially calculates soil conductivilies and heat capacities, followed by 
calculations of matrix potential and temperatures. and heat and water balance. 
Input of the Rosema model like that of Outcalt is of greater relevanc~ to the 
climatologist or soil scientists. 
• -8-
B. Comparison of Thermal Mo(lt~ls 
41 In an attempt to understand the implications of the differences in 
• 
input parameters and ~athematical solutions between these four models, data 
sets and output temperatures were compared. The SURTEMP program was already 
e:qtablished on the Stanford PDP-10 system and therefore avaUab~e. Watson's 
(197la) program had been published, and after modifications to achieve 
compatability with the Stanford IBM 360/67 system by this author, it too 
became available. (Cost of the Watson thermal model (WATEMP) program on 
~. 
i 
the Stanford IBM 360/67 far exceeded SURTEHP runs; each input set required 
~pproxtmately 0.75 minute CPU Tim~ or roughly $6.00). Although the Outcalt 
and Rosema modeling programs themselves ~ere not available at that ttme, 
test run results had been published and these results could therefore be 
compared to either program available at Stanford. 
• 
• 
• 
• 
R.J.P. Ly~n (1974) over the past several years has run com,arisons 
of the Friedman (1968) field data to the SURTEHP m~del. 
Carefully documented and measured field data relating the model 
input parameters to surface temperatures are quite rare. The only 
significant, geologically relevant, study to date is that of Friedman 
(1968), but though this study did relate surface temperatures to albedo, 
emissivity and thermal inertia, sky temperatures were not measured, and no 
calculations of thermal models appear. By assuming the soil parameters 
are correct and knowing that the cloud cover factor for those daYA was 
zero, the SURTEMP program was run, varying slope orientation and inclination 
and sky temperatures until model temperatures matched observed temperatures. 
By comparing 6T between maxtmum and mintmum temperatures Lyon 
was able to conclude that surface dip slope changes of 15 to 50% and 
surface strike changes of 10 to 33%, will produce a 10C change in maxtmum 
or mintmla target temperature. Watson (1974a) compared the differential 
o 
change in property values which produced a 1 C change in p~edawn temperature 
and arrived at similar results. Other parametdc variat.ions, which will 
o produce a 1 C change in target temperature are listed below: 
• 
• 
• 
• 
• 
• 
• 
• 
TABLE 2 
INPUT PARAMETERS OF THE THERMAL MODELS 
WATSON-SURTEMP 
Cloud Cover (f) 
Albedo (A) 
Emissivity (l:) 
Thermal Inertia (y) 
Latitude ().) 
Suns Declination (0) 
Strike (~) 
Dip (d) 
Day and Night Sky 
Temperature 
OUTCALT 
Solar Declination (DEC) 
Radius Vector of Sun (R) 
Sky Radiant Temperature 
(T
sky) 
Dust Content (D) 
Air Temperature (T2) 
Wind Velocity (u) 
Air Humidity (q) 
Precipitable Water (w) 
ROSEMA 
Albedo (a) 
Emissivity (l:) 
Porosity (X ) p 
Vol. Qtz. Content (X ) 
m 
Vol. Clay + Feldspar Content 
Vol. Organics Content (Xo) 
Latitude (~') 
Day (Suns Declination) (6') 
Aerodynamic Roughness (Zo) 
Windspeed (v) 
(X ) 
m 
Station Pressure (p) 
Soil Vol. Heat Capacity 
(GC) Air Temperature (Ta) 
Soil Thermal Diffusivity Air Humidity (s) (GD) 
Surface Roughness (Zo) 
Albedo (n) 
Wet Fraction (Xw) 
Shadow Fraction (SHDRAT) 
Depth of Subsoil Water Level (h) 
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Moisture Characteristics (El) 
• 
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Paraaeter 
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o Percent Variability for 1 Ch!DIe 
Lyon 
1.5-3 
25 
12-15 
1-2 
Watson 
17 
2 
10 
It is apparent that a considerable discrepancy exists between the 
calculated results of Watson and Lyon. for albedo and emissivity while the 
thermal inertia values are quite similar. Watson (1974a) did not calculate 
a percent change j:or sky temp(~rature variation. In an attempt to resolve 
these discrepancies, the Watson .adel was run using the saae Mono Lake data 
(Friedaan 1968) used by Lyon to form his conclusions. These cc:aparisons 
are plotted on the following figures, input paraa~ters and comparison of 
maximum, minimum, and temperature differences appear on each graph. 
Initial comparison involved using two differe~t rock types. Figures 1 
and 2 compare the programs for olivine basalt l~~illi (Qvb) ~d silty playa 
and deltaic deposits (Qal). Inspection of the variations indicates that the 
nature of the diurnal surface temperature curves £re quite similar. Maximum 
and minimum temperatures depart from one another by only one degree for 
Qvb, and the ~T for both runs are within lOCo Comparison runs of sky temperatures, 
(Figures 3-4), using the saae input data for lacustrine carbonate (Qm), were 
made. The shape of the curves are again similar and variations in ~T are 
less than lOCo 
Variation between the two programs appears to be unrelated to the sky 
temperature chosen. 
Caaparison runs of albedo and emissivity are compared on Figures 5-6. 
The curves are again quite stailar in shape, and ~T i8 again within lOCo 
A number of preliminary conclusions can be made concerning these two 
IIOde18. As one would expect the prograa are quite aillilar, aDd the 
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similarity in the shape of the diurnal variation curves would tend to confirm this. Inspection of the sky temperature change comparisons would o indicate that within both models ale change in target would arise from a small change in sky temperature, «5%). Inspection of all the graphs indicates the largest discrepancy between the two programs occurs between the post sunset (2000 hours) and predawn (0400 hours). Differences in maximum and min~ temperatures however are only between one and four degrees (C). Th~ fact that the largest variations occur in the predawn hours and that Watson's (1974a) estimate of differential change in property values is taken at the predawn temperature does not necessarily provide an explanation for the discrepancies, because the shape of the curves appear similar for varying input parameter values. It is unclear what number of runs were made by Watson: to reach this conclusion, however, from the amount of data published by Watson it may be assumed his data base exceeded the two to six runs made by Lyon for each of his parameter change comparisons. This may have induced the discrepancies, nevertheless there is no strong evidence for this conclusion and rould only be resolved through further runs of WATEMP and SUR.TBMP. An additional factor that undoubtably would vary the program results concerns the site location. The percent change discrepancies may in fact be due to the range of input vari~bles used. Changes in emissiVity, for example, that would produce a o 1 C change in surface temperature in the 0.94 to 0.95 range may be different in a lower or high range of values (i.e. 0.91 to 0.93 or 0.96 to 0.98). There is no explanation of the ranges used in Watson's (1974a) analysis, so a definitive conclusion concerning this effect can not be aade; Lyon's data however are for real rock materials and parametric variations measured in the field (using Friedman, 1968, values). 
It is surprising that estimates of percent change by the two researchers should vary considerably for albedo and emissivity and not for thermal inertia, and particularly so, after noting in the previous discussion of thermal parameters the significance of thermal inertia to target temperature variations. To resolve this, further compariaona would have to be .ade. It is concluded that the difference between the two prolram results are probably caused by variationa in the initial teaperature approxiaation and the nu.ber of iterationa for each solution. The Watson prolram cODaistently 
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gives lower temperature estimates for any particular hour. The shape of 
the curves are quite similar and temperature differences are ~inor except 
during the late evening to predawn hours. 
A comparison of the Outcalt (1972) thermal model to the Watson 
(197la) and SURTEMP models was made using published input and model results 
of a test run inserted both into the Stanford IBM 360 WATEMP program, 
and the PDP-lO SURTEMP program. Input parameters given by Outcalt (and 
corresponding to the WATEMP-SURTEMP model) are: 
Latitude • 49.30 
Solar declo • -14.90 
Albec:!.o • 0.15 
Sky radiant T •• 2350 K 
Soil thermal diffUSe • .0056 (cgs) 
Soil vol. heat capac. = 0.500 (cgs) 
Shadow ratio = 0.0 
From the diffusivity (a) and volumetric heat capacity (C) it is possible 
to compute conductivity (k) and thermal inertia (Y) from the relation: 
k 
{kC/12 a . -- y • Pc 
0.0056 • k/0.500 Y • {0.0028 x 0.500)1/2 
k -2 • 0.0028 cal cm Y -2 • 3.74 x 10 cal -2 em 
-1 0 -1 sec C -1'0 -1 sec C 
An emissivity of 0.98 was assumed from the description of the site-"Needle-
Ice Event", and the slope orientation and inclination are assumed to be zero 
from the shadow ratio. Additional input for the Outcalt model included values 
for air column and soil conditions. 
Results of the comparison run are illustrated on Figures 7 and 8. The 
o shape of both curves are similar, and maximum temperature varies by only 1 C, 
minimum by 40 C, and 6T by 30 C. Interestingly, again the largest discrepancy 
• 
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between the two .odels exiats in the predawn houra. Pro. the co.pariaon 
it appears we can tentatively conclude that both progr ... yield st-ilar 
temperature estimates (t40C). The additional co.plexity of Outcalt's prograa 
however does not necessarily make its results .ore accurate. Uncertainty 
of parameters must still exist and added par ... tera may increase total 
uncertainties. To ensure the usefulness of a aodel the additional parameters 
that are of value only to the climatologist should be disregarded by the 
geologist or geophysicist. This would make the job of collecting field 
data st.pler and the model less cuabersa.e to use. 
Two co.parisons of the ROSBMA/WATEMP /StJaTEMP llOCiels were .ade using 
the input parameters published by Rosema (1974) for coarse sand and Basin 
clay at sites in Holland (520N), that he does not describe in detail. Input 
values giv~n by Ros ... applicable to the Watson prograa are: 
Coarse Sand 
Albedo 0.30 
Emissivity 0.92 
Vol. Qtz. Content }x 0.60 
Vol. Clay + Pe1dspar m 0.00 
Vol. organics (X ) 0.00 
Latitude 0 52.00 
Day April 12 
Basin Clay 
0.15 
0.94 
0.00 
0.46 
0.00 
52.00 
April 12 
Values of sky temperature and thermal inertia had to be estimated. 
The selection of sky ta.perature for the location and season of the test. 
o 0 
at a ground ta.perature of 280 K was fixed soaewhat arbit.r:~tly at 260 K 
o .... 
night and ~~O K day. Selection of thermal inertia was sa.ewhat leas 
arbitrary. Eaploying the De Vries (1933) equation for soil heat capacity: 
C • 0.46X + 0.6OX + X cal ca-3 °c-~ (9) 
• 0 w 
the coarae aaDd with a moiature content of 0.20. would have a heat capacity 
of: 
C • 0.46(0.60) + 0.60 (O.~) + (0.20) • 0.476 (10) 
••• Huaidity at the aite should produce clo.e night and day teaperature. 
(Lyon. personal ca..unication 1975). 
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with a moisture content of 0.20; the Basin clay would have a heat capacity of: 
C - 0.46 (0.46) + 0.60 (0.0) + (0.30) - 0.512 (11) 
Estimates of conductivities given by Sellers (1965) and De Vries (1963) 
at moisture contents of 0.20 are 4.2 x 10-3 and 5.3 x 10-3 cal cm-lsec-l °C-l 
-3 -3 -1 -1 0 -1 for coarse sand; and 3.5 x 10 and 2.8 x 10 cal em sec C for Basin 
clay. Taking the mean of these values with the calculation of estimated 
volumetric heat capacities calculated, values of thermal inertia (y) can 
be es Uma ted: 
y 
Coarse sand 
Basin cl3.y 
• P (kC)1/2 
- (4.8 x 10-3 x 0.48)1/2 
- 0.048 • 
• (3.2 x 10-3 x 0.51)1/2 
- 0.040. 
(12) 
(13) 
Results from the comparisons (figure 9) indicate a large discrepancy of 
surface temperature. The comparison, nevertheless, was a useful exercise 
in showing the difficulty of obtaining thermal parameters for any given 
test. The large uncertainty in our estimation of appropriate sky temperature 
and thermal inertia illustrate their significant effects on modeling of the 
diurnal temperatur~ variation. 
Certain added ambiguities exist in the Watson-Rosema Comparison: 
Within the description of the parameters of the sample materials, by Rosema 
(1974), it is difficult to imagine an absolute zero quartz content in the 
Basin clay. Also somewhat surpri8~ng are the results given by WATEKP. It 
is unusual that surface temperatures in early April at a north latitude of 
~2° could reach 500 C. 
C. Discussion 
The value of thermal models seems apparent from the previous discussion. 
The thermal models of Watson and SURTEHP p.ppear quite similar, and hold 
an advantage over those of Outcalt and ROSem8 in their simplicity of input 
parameters. When used to differentiate rock and soil types as on infrared 
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imagery, the model indicates that thermal inertia is a good discriminator 
of materials, and the effects of thermal inertia on surface temperatures are 
maximized near dawn. Thus dawn represents the optimum time to observe 
thermal contrasts due to thermal property differences. 
Ill. PISGAH-LAVIC LAKE STUDY ~rch 29-30, 1975) 
A. Site Description 
The Pisgah Crater-Lavic Lake area is located in the Mohave Desert, 
San Bernadino County, California. It is approximately 38 miles east-southeast 
of the town of Barstow. Pisgah Crater and its associated flow is nearly 14 
miles long and 4 miles across. At the southeastward end of the flow is Lavic 
Dry Lake approximately 2 miles in diameter. Other details of the area appear 
in Kahle, ll.al., 1976. 
The Pisgah Crater flow is composed of numerous thin olivine basalt flows. 
The top of this flow sequence is made up of both pahoehoe (ropy) and aa (jagged-
clinkery) lava. The aa lava is dark gray, or more usually, black in color and 
has an extremely rough surface. The pahoehoe lava is a "medium" dark gray 
in color and has a smoother undulatory surface. Both types of surface 
can accumulate windblown sand or silt. Pisga., Crater is );aadeof cinders 
(that range in color from black to grayish red),and small bombs. The crater 
floor is pahoehoe basalt. 
Lavic Dry Lake is a very flat playa composed of a very pale, yellowish-
brown silty clay. Neal (1965) determined the playa is made up of 79% clay (essentially montmorillonite and illite) 20.7% granular components, and 0.2% 
accessories with a bulk density of 1.67. The playa had an approximate maximum 
relief of 2 1/2 feet. Numerous areas on the playa are mantled by pebbles or 
cobbles of basalt or alluvial fan material. These mantling materials are 
somewhat anomalous as they are found some distance from their obvious source. 
Gawarecki (1964) reports they are believed to be ice rafted to their current 
position when sufficient lake levels existed. 
Alluvial fan material is found along the borders of Lavic Lake. This 
material is a heterogeneous conglomerate derived 'from present topographic 
highs. It i8 a yellowish gray color with a sparse vegetation cover. 
• 
• 
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Measurement sites at the crater, designated, "Crater outeredg~':':' and 
"Crater station" consisted of cinders, clinkers and bombs; site "Crater outside 
Basalt" consisted of aa and pahoehoe basalt east of the cone viewed from a 
distance. Site "Crater center" was measured from a distance and consisted 
of solidified pahoehoe lava; Site "Crater Red Cinder" consisted of an area 
of predominantly Red cinder on the inner lip of the crater; and site "Crater 
Road"consisted of compacted cinders and dirt. 
Lavic Lake sites I-I, 1-2, 1-3, 1-4, 2-2, 2-3, consist of the pale 
yellowish-brown silty clay. Site 2-1 was on alluvium (Figure Map 1) • 
B. Albedo Measurements and Analysis 
Measurements of albedo were made at the test sites on Lavic Lake and at 
the crater employing an ISCO spectral radiometer and an EXOTECH radiometer 
by Stanford Remote Sensing Lab personnel. These measurements were necessary 
to better understand the site locations and to provide the necessary input data 
for our thermal model. The procedure involved making a number (5-25) of readings 
at each site attempting to include the greatest diversity in surficial 
conditions, with concurrent readings of white reflectance standards of BaS04 and Fiberfrax. ISCO readings (see Appendix 2) were made from 0.400 to 1.55 
micrometers with a bandpass interval of .025 micrometers in the visible 
and a bandpass interval of .050 micrometers in the near-IRe Exotech readings 
were collected in detail at the Lavic Lake sites. The instrument sensed in 
the same ~nannels as the LANDSAT MSS sensor (0.5-.6, .6-.7, .7-.8, .8-1.1 
micrometers). Twenty-five readings at Stations 2-1 (alluvium), 1-1 and Base 
camp (playa) were made, and five readings at Stations 1-2. 1-3, 2-2A, 2-2B, 
2-2A (playa) were made (Fig~~e Map 1). Appendix 1 catalogues these measurements 
t, " and yields values of bandpass, reflectance. and pseudo-CIE color coordinates 
for each channel and calculates an albedo for each site. 
The albedo values from the Exotech measuremen.. s1te~l are compiled in 
Table 3 along with means and standard deviations fo~ ~ach location. The 75 
playa measurements yieldl!d a mean of 0.375 and a standard deviation of 0.027 
(7% variation) while the 25 alluvium sites (2-J) yielded a mean of .295 and a 
standard deviation ot .018 (6% variations). These statistical checks indicate 
• 
• 
• 
• 
• 
• 
'. 
• 
• 
• 
• 
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indicate that complete discrimination is possible between playa and alluvium within (l~) one standard deviation interval. However, a slight overlap exists at the two standard (~) deviation interval. The seven distinct playa stations (1-1, 1-2, 1-3, 2-2A, 2-2B, 2-2, BC) cannot be separately delineated by the albedo values except for station 2-2 which can be discriminated by albedo within a two standard deviation interval. A contour map of the site albedos (figure 10) visually expresses this discriminatory ability of albedo. 
To determine the most favorable spectral information for discrimination of the playa sites the complete data set (Appendix 1) was input to the BMD07.M (stepwise discriminant analysis) program developed by the UCLA Health Sciences Computing Facility (April 10, 1972). The results showed that the simple bandpass of channel BP5*(.6-.7 ~) had the greatest success (55%) at discrimination by itself. This was followed by R5 reflectance .6-.7"m (82%), R4 reflectance .5-.6 ~m (83%), BP4 bandpass .5-.6 ~m (85%), and R74 ratio of reflectances .8-1.1 by .5-.6 "m), for the pair, trio, quartet, quintet as used, respectively. This is graphically displayed in Figure 11. Of the 25 sites measured at station 1-1,17 were correctly classified and of the 25 at station base camp 18 were correctly classified, using the quintet, vith 84% success level. At this level, the program employing the input quintet, all measured sites were correctly classified at stations 1-2, 1-3, 2-2, 2-2A, 2-2B. Station 2-1 within alluvium is readily distinguishable from the playa and of the 25 sites measured 24 were correctly classified. It seems reasonable to conclude then that though total albedo is a necessary measurement for thermal modelling it is not entirely successful at spectral discrimination. Greater spectral discriminatory ability is available employing individual spectral bands and ratios of bands using a simple ratiometer of the EXOTECH type. Thus LANDSAT satellite data could have been used to discriminate between sit~~ of this degree of spectral albedo differences. 
C. Surface Temperature Measurements and Analysis - Pisgah Crater and Lavic Lake 
Stanford Remote Sensing Lab personnel were able to provide much needed expertise in the collection of field thermal measurements. We made use of several Barnes (PRT) Radiation thermometers and thermistor probes. Appendix 3 catalogues these measurements and Appendix 6 graphically display the probe 
* BP 4, 5, and 7 are bandpass radiances and &4, 5, 6, and 7 are bi-directional reflectances using LANDSAT type bandpass filters (EXOTECH) • 
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TABLE 3 
Albedo Determinations. 
PLAYA 
Site. 1-1 l-1N l-1E l-lS l-lW 
.352 .378 .,)40 .)64 .367 
.359 .)78 .)48 .)44' .387 
.)48 .377 .349 .)98 .372 
.)g4 .401 .)54 .)69 .368 
__ £~_~ ______ L~~Z ______ £J~~ ______ LJZZ ______ Ll§l_ 
f. .355 .380 .349 .)70 .371 
s= .006 .013 
X'total = • )6 5 
Stotal = .016 
.006 .020 
n=25 
Site. 1-2 1-3 2-2A 2-2B 2-2 
.)68 .404 .365 .)85 .461 
.365 .369 .)47 .)86 .469 
,37) .375 ,)48 .)88. .457 
.)91 .372 .377 .37, .~o 
__ L~2~ ______ L~Z2 _____ LJ~l ______ £l~ _______ L __ ~~ 
x= .)78 .378 .358 .)84 .457 
s= 
Site. 
s-
.013 .015 .013 .005 
~ BON BCS BCE BOW 
.364 .370 .355 .353 .)68 
.366 .416 .388 .)60 ,)68 
.377 .393 .360 .)62 .365 
.410 .353 .359 .360 .365 
__ £2Z~ ______ Ll~§ ______ £J§2 _____ £l§~ ______ £JZQ_ 
,378 .380 .)66 .)60 ,)67 
.019 .025 
ftotal • .370 
Stotal • .016 
.013 .004 .002 
------------------
fplaya • .375 
Splaya • .027 
• ~. ,,' '. - ~'i ' 
• Table 3 continued 
• 
ALLUVIUM 
~itel 2-1 2-1N 2-1E 2-15 2-1W 
.293 .299 .288 
.305 .298 
.287 .273 .358 .290 .298 
.293 .282 .278 .300 .272 
• .290 .291 .311 .303 .271 --~g~2-----_£~~~ ______ £~2~ ______ £~!! ______ £~!~_ 
x= .290 .287 
.307 .302 .290 
s= .003 .010 .031 .008 .018 
• Xtotal = .295 
n=25 
Stotal = .01R 
• 
----... 
Emissivity for the playa was assumed, at each site, to 
• be .985. 
-' .4' -' .~~ \ • 
~,... !,~.·tl'" 
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measurements for the playa sites, as tautochrones,ordeptb-temperature plots. 
o The scale of the tautochrones permit positioning to within .5 C and .5 em 
depth, and therefore should be considered accurate representations. 
4 shows the measured (average of the 5 readings) surface temperatures 
line) compared with runs of the SURTEHP and WATEHP programs. 
Appendix 
(solid 
The major concern in the determination of input parameters entails 
the selection of a thermal inertia value CY) to accurately match the measured 
surface temperatures. Various methods were employed to arrive at a value 
that can be considered reliable. Input parameters that are evident for 
the dry lake sites, are; 
Latitude: 34.660 
Dip 0.0 
Strike 0.0 
Sun's Declination: 
The work of Neal (1965) provided pertinent data on the bulk density 
and composition of the Lavic Lake playa; soil moisture samples were taken 
during the mission and provided data yielding weight % water at .09% (vol. 
fraction .20%). With this data it is possible to apply the DeVries (1963) 
formula for volumetric heat capacity (C) of the playa material, 
C - 0.46 X + 0.60 X + X , mow (14) 
where X - vol. fract.mineralsX - vol. fracto organic, and X - vol. fracto mo
water. DeVries also determined a formula for the damping depth of a soil 
related to thermal diffusivity (00, 
(2 a/w)1/2 - D (15) 
where D • Damping depth, and w • angular period of the diurnal wave 
(7.276 x 10-5 rad sec-I). The damping depth is that depth where the surface 
temperature considered at a sinusoidal wave. ia reduced by lIe (.31). From 
inspection of the tautochronea at the playa sites the damping depth occurs 
at 10 em. 
Employing this knowledge we can solve for thermal diffuaivity and arrive 
at a value of 3.64 x 10-3cm2aec-l • If we consider this value and that 
for volumetric heat capacity (C~568) to be valid then the thermal inertia 
of the play. can be calculated after first determining thermal conductivity (K). 
• 
• 
• 
• 
• 
·0 
• 
• 
• 
• 
• 
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Now, 
a • k/C 3.64 x 10-3 • k/.568 
k • 2.07 x 10-3 cal em-lsec-l °C-l (16) 
y • (kC)1/2 • (2.07 x 10-3 x .568)1/2 
-2 0 -1 -1 
•• 034 cal em C sec • (17) 
Additional information needed for the SURTEHP thermal model included 
a cloud cover factor assumed initially to be zero, a hemispherical net sky 
radiation term (sky temperature) for the day and night, and the emissivity 
of the surface approximated from measurements of stmilar surfaces at 0.985. 
From previous work (see Section II) of Lyon (1975) we note that an inaccuracy 
in the emissivity of 25% will produce only a 10C change in surface temperature, 
employing the SURTEHP program. However, as we have noted, the thermal model 
is quite sensitive to sky temperature. Unfortunately a net radiometer, 
necessary for these measurements, was not available and thus sky temperature 
could be only approximated from the known meteorological conditions. These 
calculations and approxtmations along with the albedo measurements were 
performed for each of the playa sites and closest fits to the observed data 
were plotted (Appendix 4). As can be seen, fairly close fits can be achieved 
with day and night sky temperatures of 2400 , 2300 K respectively and employing 
-2 0 -1 -1 
the calculate thermal inertia (y) of .034 cal em C sec • 
Discussion of these results with the JPL investigators, whom we were 
assisting, indicated that they believed a more accurate thermal inertia value 
-2 0 -1 for the playa fell between .01-.03 cal em C. The thermal model developed 
by Kahle (1976) compensates for wind at the site and they felt this 
meteorological variable (not directly included in the SURTEMP model) invalidated 
our results. To further explore this discussion additional SURTBMP rUnM were 
made analyzing station 1-1, (Appendix 5). It was deterained by using the cloud 
cover factor to stmulate a moderate wind speed (i.e. loss of input heating) 
and by altering the sky temperature the results could be made to approxtmately 
conform to a thermal inertia of .02 cal em-2 °c-lsec-l • 
Unfortunately, we have not convincingly proven, even in the a~ple case 
of the playa material, what is the true value for the thermal inertia! Though 
admittedly the SURTEHP program does not include a compensating factor for 
strong windapeeda, it must also be pointed out that the JPL reaults were baaed 
on an assumption that the playa moisture content va. zero! It can be shown 
• 
• 
• 
• 
• 
• 
• 
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that this assumption can reduce a final thermal inertia value by more than 
30%. Scientific integrity would therefore force us to conclude that an 
exact measure of thermal inertia was not determined by either group. If it 
is to be accurately estimated, precise measures of net sky radiation, emissivity, 
soil moisture, and wind speed must be made and included in thermal modeling. 
It is abundantly clear that solution of thermal models using real data 
is not a Simple problem, and much remains to be done. The problem is 
especially complex if the measurements are made from a remote vehicle. 
IV. SANDBOX STUDY 
A. Objectives 
In an attempt to determine the accuracy of thermal inertia determinations 
by remote sensing techniques a study was begun at the Remote Sensing Lab. 
Though many workers are now reporting thermal inerUa values using various 
computer .odel deviations of the heat conduction equation, it is difficult 
to fix confidence limits to these determinations. Therefore, after a considerable 
search, a standard material was found for which both thermal conductivity and 
diffusivity had been determined by direct laboratory techniques at varying 
moisture contents. A heat transfer study by Moench (1969) had determined these 
parameters for 20/30 mesh Ottawa sand (quartz. 0.5 to 0.8 mm size). 
The sand could thus be placed under simulated natural conditions and attempts 
made to cor~ect1y determine its thermal properties. If successful further 
impetus would be gained for heat capacity mapping. If. however, a thorough 
experiment proved completely unsuccessful, we would be forced to examine the 
total validity of thermal inertia determinations and their discriaination 
by remote sensing techniques. 
We have only begun preliminary experiaentations. but these results 
and tentative assesaaents will be reported. 
B. Measurements 
In order to simulate natural soil conditions the sand was placed within 
a square box, constructed of Doug1a. Fir and ~.aled with water-safe Slue, 
nails, and screw.. The thickness of the walls is unifora1y 6.3 em, and it i. 
30.5 em deep and 45.7 em long and wide. The sand and thermistor probe. 
placed within the sand were allowed to equilibrate for over ~ week. 
• 
• 
• 
• 
• 
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For this preliminary work the same information was collected as 
was collected during the Pisgah-Lavic Lake mission. This procedure was 
adopted in order to assess the tmportance of accurate. in situ, net sky 
radiation and emissivity .. asurements. All other parameters were accurately 
measured, including albedo (.5-l.l~m) which was determined to be 0.54. Tne 
thermal measurements are compiled in Table 4 and the tautochrone of the data 
is depicted 1n figu~e 12. The emissivity of the sand was considered to be 
about 0.95. and the sky temperature (day and night) were both estimated 
at 2630K. Partly cloudly conditions existed sporadically during the day 
and evening and seemed to indicate a slight cloud cover factor. 
C. Results 
The water content of the sand was kept as close to zero as possible, 
yielding. from Moench's work, an expected thermal inertia of 0.0166 cal 
cm-
2 
°c-lsec-l • Figure 13 represents the best fit ior the observed data 
with' these input parameters. The 50 C discrepancy between the aeasured and 
modeled final temperatures, when the thermal inertia i. known, succinctly 
states the need for more accurate measurements of net sky radiation, emissivity, 
and cloud cover-windspeed: 
During this NASA grant a "look-up table" program for thermal inertia. 
based uponSURTEHP. was developed. The program allows for the construction 
of a 3-dimensional matrix. developed from the standard (or fixed) input data 
sets and with variable albedo and day and night temperature as the sand 
ordinates. Thus far any particular time of day and or night. a similar table, 
8S seen in figure 14, can be generated. In this instance, the program yields 
a thermal inertia value of 0.0195 cal ca-2 °C-lsec-l • The input is identical 
to that of figure 13. Comparison of these techniques allova us therefore to 
conclude the inaccuraci~~ in our input parameters bas produced a discrepancy 
of .003 in the themal iD6t'tia. 
These efforts are continuing and will be expanded with renewed 
funding for the BCHH progr ... 
V. CONCWSIOHS 
A. Little agreement exist. today between re.ult. fro. .everal theraal .adel. 
using the .... input data set •• 
8. Bach .adel has a vary ina dearee of .ensitivity to any .pecified parameter. 
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TABLE 4 
"SANDBOX" EXPERIMENT TEMPERATURES 
DEPTH PROBE (em) 
1.27 2.54 5.08 12.70 20.32 25.40 AIR AIR(10cm) 
---.---- SCRFACE ABOVE 
(oC) 
17.8 17.2 13.7 16.7 18.9 18.8 
24.6 23.4 16.5 16.5 18.4 18.4 
30.8 29.4 20.2 16.9 18.1 18.2 
30.5 29.4 22.0 17.4 18.1 18.3 
32.8 31.3 24.2 18.6 18.5 18.7 
30.0 29.4 26.5 20.9 19.9 19.8 
25.4 26.3 25.3 21.9 20.7 20.4 
23.8 25.2 24.7 22.1 21.0 20.6 
20.9 22.8 23.2 22.7 21.5 21.0 
12.4 14.7 15.8 22.0 22.8 22.2 
11.0 12.8 13.4 19.9 21.5 21.4 
(oC) 
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mostly to sky temperature. 
A n~t radiometer appears to be a vital part of any ground installation, 
and the net-radiation balances as a function of time of day and 
weather, are necessary. 
Fitting remotely-sensed data to spot locations around weather station 
sites, on flat ground, may be possible, but extrapolation to outlying 
areas is unlikely. 
E. Relative determinations of thermal properties may be possible using 
remote sensing, but absolute value determinations appear most unlikely. 
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APPENDIX I 
STATISTICAL COMPILATION BI-DIRECTIONAL 
SUMMARY SHEETS 
REFLECTANCE DATA - PISGAH MISSION #2 
OUTPUT KEY 
901 121000 
CODE TIME 
1.0 1.190 1.720 1.0 1.640 1.870 0.000 15 LL 1-1 
GAIN VOLTS VOLTS GAIN VOLTS VOLTS SOLRMIR FIELD SITE 
CH 4 CH 5 CH 6 CH 7 OF 
VIEW 
0.336 0.393 
Pseudo-CIE color coordinates, a measure of "color" of the target 
2.447 3.713 3.225 4.378 0.283 0.339 0.386 0.400 0.352 
BP 4 BP 5 ~2 6 BP 7 R 4 R 5 R 6 R 7 Albedo (Radiances w. cm ) (Reflectances) (averaged) 
1.036 1.181 1.413 1.139 1.364 1.197 R 76 R 75 R 74 R 65 R 64 R 54 (reflectance ratios) 
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APPENDIX 2 
• ISCO Bi-DIRECTIONAL REFLECTANCE MEASUREMENTS 
• 
• 
• 
• 
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• 
DATE: March 28, 1975 
STANDARD: BaS04 
TARGETS: HI - 1-lB 
TUne: 1131-1210 
Wavelength 
(~) STD III 
.400 
.425 
.450 
.475 
.500 
.525 
.550 
.575 
.600 
.625 
.650 
.675 
.700 
.725 
.750 
.75 
.80 
.85 
.90 
.95 
1.00 
1.05 
1.10 
1.15 
1.20 
1.25 
1.30 
1.35 
1.40 
1.45 
1.50 
1.55 
3.25 
5.61 
60.0 
87.0 
90.0 
88.0 
88.0 
74.0 
99.0 
100 
100 
94.0 
81.5 
76.5 
64.5 
77 .0 
77 .0 
66.0 
48.0 
37.0 
40.0 
36.5 
31.0 
15.0 
14.0 
26.0 
29.0 
14.8 
34.0 
7.3 
6.2 
9.3 
1.52 
4.10 
13.2 
21.2 
23.3 
24.0 
24.7 
24.0 
36.5 
38.0 
39.0 
35.7 
34.0 
31.5 
27.5 
34.0 
33.0 
30.0 
22.0 
18.2 
19.6 
18.0 
16.0 
7.6 
7.3 
13.0 
14.7 
8.1'; 
5.30 
4.50 
3.33 
15.0 
TIME: 1205 LOCATION: Lavic Lake 
OBSERVER: Gary Ba11ew/ Stuart Marsh 
112 - Base Camp 113 - Alluvium 
1416-1431 1433-1459 
STD 
3.5 
18.0 
57.0 
85 
87 
86 
81 
70 
97 
98 
98 
90 
82 
74 
61 
74 
73 
63 
45 
35 
31.5 
34.0 
30 
13.3 
12.4 
23.5 
27 
16 
3.4 
2.3 
5.7 
8.6 
H2 
1.25 
3.5 
11.0 
17 .5 
18.9 
19.4 
19.8 
19.5 
31.0 
33.0 
33.5 
31.0 
29.0 
28.0 
23.5 
30.0 
30 
26 
19.5 
13 
15.7 
15.0 
13.0 
6.2 
5.8 
12.5 
12.0 
7.0 
1.20 
0.94 
2.70 
4.00 
1555-
STD 
1.75 
10.0 
38 
55 
57 
56 
52 
47 
66 
66 
67 
60.5 
55.5 
49.5 
41 
53 
52 
45 
33 
23.5 
27.0 
24.5 
21.0 
9.5 
9.2 
16.5 
18.5 
9.5 
2.5 
1.4 
3.8 
6.0 
1635-
113 
0.62 
1.25 
6.0 
9.4 
10.0 
10.5 
10.0 
9.5 
15.0 
16.5 
17 .0 
15.8 
15.0 
13.8 
11.6 
16 
16.5 
13.3 
10.0 
77.7 
88.8 
8.33 
7.5 
3.2 
3.5 
5.6 
6.5 
3.1 
0.6 
0.44 
1.15 
2.2 
J., . ,~, 
1 1 
, , 
~->I"'''-' '" '-'~-'-~'~'~~'~~"-~-'-''''''''''''''''..-..r'-_-''''-T'''''''""'''.'_7~.........:'',\'''''-''-'-...r-~~'~~~-'~''''''-,,,,,,,"c-''''~-v~''''''~''~~''''-''-'''''''-~l''''-r=-~:::.... ~~"""-~,","","'f~-T~""':--~ri;q« 
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• 
• 
DATE: March 29, 1975 LOCATION: Pisgah Crater 
l.:;. 
ISCO HEAD: Probe OBSERVER: G. Ballew 
TARGETS: #1 - Cinders Near W. Cone 
#2 - Red Cinders, 20' West of 111 
• 
TIME: 1036-1054 1555-1.10 118-1133 1347-1400 1310-1335 
Wavelength BaSo4 Fiberfrax BaS04 I • (llm) SA = 51° SA = 53° SA = 54.3° 
.400 1.80 4.90 0.24 0.30 1.55 
1 .425 8.0 10.5 0.67 0.80 8.10 .450 29.0 3~.0 2.45 2.65 27 • .5 
• .475 42.0 50.0 3.50 3.80 38.0 J , 
.500 43.0 50.0 3.60 4.10 40.0 ~ 
.525 41.0 48.0 3.90 4.30 39.0 
.550 40.0 45.0 3.95 4.25 31.5 
.575 34.0 38.0 3.80 4.20 33.0 
t .600 51.0 56.0 5.95 7.00 47.0 
.625 52.0 56.0 6.10 7.50 48.0 
.650 51.0 55.0 6.10 7.85 47.5 
.675 45.0 49.5 5.65 7.40 42.5 
.700 42.0 45.5 5.40 7.25 39.0 
.725 37.5 40.5 4.85 6.70 35.0 
t .750 31.5 34.0 4.10 5.90 29.0 
.75 51.0 55.0 6.30 8.20 43.0 
.80 50.0 52.0 6.10 8.50 37.0 j ,t 
.85 41.0 46.0 5.30 2.25 21.0 ! 
.90 32.0 35.0 4.00 5.70 21.5 " 
.95 24.5 26.5 2.95 4.30 23.5 
• 
1.00 26.5 29.5 3.10 4.90 22.0 
LOS 24.5 27.0 2.90 4.75 20.0 
1.10 22.5 23.5 2.65 4.50 17 .3 
1.15 9.0 10.5 1.20 2.00 7.2 
1.20 9.0 9.5 1.15 2.15 7.6 
1. 25 16.5 18.5 2.15 4.20 14.0 
1.30 18.5 21.5 2.45 4.90 15.5 
1.35 10.5 12.0 1.25 2.35 8.0 
1.40 2.l5 2.50 0.29 0.30 1. 70 
1.45 1.50 1.80 0.21 0.40 1.15 
1.50 4.10 4.70 0.55 1.20 3.4 
1.55 6.00 7.10 0.83 1. 75 5.0 
• 
• 
• 
• 
• 
• 
• 
APPENDIX 3 
MEASURED SURFACE AND PROBE TEMPERATURES 
Output Key 
PROBE 
OCC 29 2400 1.0 2.0 
CODE DAY TIME DEPTH 1/2" 2" 
SURFACE 
3.0 4.0 5.0 6.0 
5" 10" 15" 20" 
1-1 29 2400 L. .100 .200 .300 .400 .500 1.0 2.0 3.0 4.0 5.0 05NW S-5 
CODE DAY TIME SETTING DIGITAL 0UTPUT TEMP. OUTPUT °c WIND RADIOMETER 
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4.0 
5.0 
6,0 
7.0 
1.0 
9.0 
10.0 
11.0 
12.0 
13.0 
14.0 
1'.0 
1 •• 0 
17.0 
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1 •• 0 
20.0 
2ltO 
22.0 
2'.0 
24.0 
25.0 
26.0 
27.0 
21.0 
29.0 
,0.0 
S -5 
MED RANGE 
Recorder 
(MV D-C) 
0.0 
ZI.6 
'7.6 
••• 9 
116.5 
14 .... 
176.' 
201.2 
231.1 
269.3 
300.a 
3'2.7 
'64.a 
3.,.3 
4'0.2 
46'.3~ 
"'6.e 
5'0.6 
.64.7 
599.2 
6'4.0 
'69.1 
704.6 
740., 
77th4 
a12., 
849.6 
.86.7 
924.2 
961., 
1000.0 
25.0 
26.0 
27.0 
21.0 
2,.0 
30.0 
3leO 
32.0 
'3.0 
34.0 
35.0 
'6.0 
'7.0 
,itO 
".0 
40.0 
41.0 
42.0 
4,.0 
44' .. 0-
45.0 
46.0 
47.0 
48.0' 
4,.0-
50.0 
ShO 
52.0 
5,.0 
'4.0 
".0 
'6.0 
'7.0 
5e.O 
5,.0 
60.0 
-6leO . 
62.0 
".0 64.0 
65.0 
HI RANGE 
Recorder 
(MV D-C) 
0.0 
21.3 
42.7 
f»4., 
16.2 
108,2 
130.4 
152.8 
175.4 
1.a.2 
221.2 
21t4.3 
267.7 
2'1.2 
315.0 
'3 •• 9 
'63~1 
381.4 
411., 
436.6 
461.5 
486.6 
511.9 
'37.4 
56,.1 
,.a.9 
615.0 
641.2 
661.7 
't4.3 
721.2 
74a.2 
775.4 
802.8 
a'0.4 
858.2 
816.2 
914., 
'42.7 
'71.3 
1000.0 
, 
0.0 
1.0 
Z.O 
3.0 
4.0 
5.0 
6.0 
:;~:! __ '1'~11~"r~\~ -0-- ----.-.. ..=.-.-_-.-.-. ---.- .. ----
19", '. ' .",.'..i. \I~G . --- -. - .- ----
. ___ W-
1.0 
-•• 0 
10.0 
- -'Ud.--.. -.-.~::..-~---·------ -- ==--------_:-.-- .. --
947 •• 
-91"'7 
1000.0 
* High-leveloutput. Low level output 1s 1/20th of listed value. 
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» Figure 2-2 RECORDER-OUTPUT CALIBRATION* • ~ 
(Standard Spectral Passband, 8 to 14 .... ) 
1 
,!: 
LOW RANGE MEDIUM RANGE HIGH RANGE 
• Meter Recorder Meter Recorder Meter 'Recorder ,i. .~ " (OC) (mvd-c) (OC) (mvd-c) (OC) (mvd-c:) "! ~: 1 -
-20 0.0 10 0.0 40 0.0 
" 
-19 24.0 \ 11 24.5 41 25.3 
» -18 48.4 12 49.4 42 51.1 
-17 73.1 13 74.9 43 77.3 
-16 98.2 14 100.9 44 104.0 
oJ 
-IS 123.5 15 127.3 45 131. 2 " 
-14 149.1 16 154.3 46 158.8 
-13 '" 
" 
175.0 17 181. 7 47 186.9 1 -12 201. 4 18 209.8 48 215.5 .~. 
-11 228.0 19 237.1 49 243.4 I ] -10 255.0 20 264.8 50 271.4 - 9 282.3 21 292.7 51 299.7 - 8 319.9 22 320.8 52 328.2 
'j - 7 337.9 23 352.0 53 356.9 
'I - 6 366.1 24 377.8 54 385.7 . -- 5 394.7 25 406.8 55 414.8 , ] - 4 423.5 26 436.0 56 441.1 
3 452.9 27 465.5 51 473.1 
• - 2 482.4 28 495.1 503.5 
. 58 j - 1 512.4 29 525.0 59 535.3 
0 542.6 30 554.8 60 562.4 
J + 1 573.1 31 584.1 61 592.1 2 604.1 32 614.2 62 622.0 3 643.7 33 644.5 63 651.3 " 
] 4 665.3 34 674.2 64 680.8 5 695.2 35 704.8 65 711.0 
6 727.1 36 735.0 66 742.1 
-, 7 758.7 37 765.2 67 771.1 
) \ 8 790.5 38 795.7 68 801.0 
~ 9 822.6 39 829.0 69 830.0 
•. 10 841.7 40 855.0 70 857.6 
11 880.3 41 883.5 71 885.1 
12 909.8 42 912.? 72 914.9 
.-
13 939.8 43 941.1 73 943.0 
14 969.2 44 970.1 74 971.0 
I 15 1000.0 45 1000.0 75 1000.0 -
Note: High-level output 1s listed. Low-level output 1s 5% of value listed for 1 
each temperature. 
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APPENDIX 4 
GRAPHICAL REPRESENTATION OF MEASURED DIURNAL SURFACE 
TEMPERATURES v. THERMAL MODEL RUNS 
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APPENDIX 5 
DETAILED ANALYSIS OF STATION 1-1 EMPLOYING SURTEMP 
THERMAL MODEL - "INPUT TEMP" MEASURED AT SITE 
MARCH 29-30, 1975 
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aaaaCODDDC 
TlM~S, FINAL, SURFACE TEMPERATURES, A~O I~PUT TE~PERATURES 
,I 12.0 24.5 25.1 13.2 27,1 2e~1 14.4 21.0 21.1 15.6 a4.1 24.5 1.,8 18~1 aO.t 18,0 ,2.0 1'~.3 1<),2 7,5 S.O lO," ",b 3,1 21.0 2.4 1'.3 22.8 0,1 -1.0 
-- • 
-- 24,0 -0,8 
-Z.O 1.2 .. 2,0 -2.3 2,4 .. 3.0 -Z,6 3.b 
-4.0 .3~' 4,8 .4~8 ~4.4 0.0 .4.8 .. 5.4 T,2 .. 0,8 .. z,e 8.4 '5.7 ",0 9.& 12.' 11,. 10.8 1'.5 10,3 i 
J , 
T MAX 27,1 T MIN .4.8 AVf:RAGf TE"1P 8,32 J ~ , PROGl!'A'" PARAMETERS CURRfNT VALUE! 
"·1 
i 
• 
(5) CL.OUD 0,0 (6) AL.B 0."565 (1) EMS 0.9850 (8) T IN 0,045 (C) LAT )4.1 J , 
1 (10) DEC 3.0 ( 11) DIP 0,0 (12) STR 0.0 ( 13) TN 230.0 C1" ) TO lao.o I , j PLOT Oi" FINAl. TE~P (+) AND INPUT Tf"!.1P (*, AGAINST TIME 
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• t 12.0 +* 
1 
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15.0 +* 
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ls.e + * 
t --
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20,4 *+ 
21,0 *+ 
if 22.8 * + i 
24.0 *+ 
, 
, 1.Z + ~ , , 
• ? .. 
I' q,t "' , 1 
b.O + 
1.2 
* 
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8.4 
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10.8 +* 
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I'~":·" 18,0 12.6 14.3 Iq.2 q,b 8~0 20.4 7.b 3.7 21.. .,0 1,3 22.8 4,8 el,O • '- 24.0 3.8 .~.o 1.2 2.Q .2,3 2.4 2,2 -2,6 3.6 1.5 "3.1 ".8 0, ••••• 6,0 0.4 -5,4 7.2 3,3 .'.8 8.4 8,2 4.0 Q~6 13.8 11,4 10,8 1 •• 0 10.3 k T MAX 25,0 T ~IN 0.4 AVERAGE TEMP 10.50 
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PROQRA~ PARA~ETERS CURRENT VALUES (5) CLOUD O~2 (6) ALB 0.365 (1) EMS 0.Q850 (8' T IN 0.045 cq) LAT 
(10) D!C 3.0 (11) DIP 0,0 (12) STR O~O (13) TN 250.0 (14) TO 
PLOT or ~INAL TEMP C+) AND INPUT TEMP c*, AGAINST TtME 
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• • • 
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• • • • 
12.0 + * 
13.2 + ." 
1~.4 + * 
15.6 + * 
lb,8 . ~ 
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2.4 ." + 
3.6 ." + 
1.1.8 ." + 
b,O 
* + 
1.2 
* 
+ 
8,4 * + 
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TIMl!S, FINAl.. SUR'ACE TEMPERATURES, A~D INPUT T~MPERATURES 
12,0 10.8 25.1 13.2 32.8 28.1 14.4 11.1 21.7 15'.6 ;tt;.'7 "' .. 5 If>.8 17~O aO.l , ., 
18.0 0.8 l4.3 llJ.2 5.3 8,.0 20.4 3.7 3.7 21.6 2.4 1_1 22.8 1,3 .'.0 
,~ t--- 24.0 0.5 -2.0 1.2 .0.3 -2.3 2.4 .O.IJ ~2.0 3' •• -1.4 .. 3.1 4.8 -1,.' .4,4 0.0 -o.l .5,4 7.2 -1.4 -2.8 8,4 7.4 4,0 ' .. 1 •• ' 11.4 10.8 as,2 10,1 
T MAX 32,8 T MIN -6,1 AVeRAGE TEMP 9.75 
PROGRA~ PARA~~TERS CURRE~T VALUES 
t (5) CLOUD O~2 (6) ALB 0.365 (7) E,",S o.CJeso (8) T IN 0,020 (9) I.AT J4,7 (10) DEC 3',0 (11) DIP 0,0 (12) STR 0.0 (13) TN 260.0 ( 14U TO 140,0 
PLOT OF FINAL TEMP (+) AND INPUT TE"1P ct , AGAINST TIME 
-1° -5 0 '5 10 15 20 25 30 35 40 4~ 50 5~ .0 
t • • • • • • • • • • • 
, 
• • 
12.0 .. + 
11.2 '* ... 
14.4 ,. + 
15,& .+ 
., 
HI.S + * 
18.0 + 
'" 
19,2 + * "---' 
20.4 + 
21.6 
". 
22.8 * + 
j 
, 
" , j 
" 24,0 
* 
+ j 
1.2 
* 
+ j 
A 
" 2.4 * + j :J J j 
3.0 * + ~ 4,8 
* 
+ ! 
1 
b.O +* 
7.2 * + 
8.4 * + 
CJ,b ... + 
-
10,8 .. + 
• • • 
, 
• • 
, 
• • • • • • • 
, 
I' ' .,0 .5 0 5 10 \5 20 25 10 35 "0 q5 50 55 .0 ~ 
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T1M!S, FINAL 8UR'ACE TEMPERATURES, ANO INPUT 
12,0 37.0 a5.1 13.2 40,5 28~1 14.4 le.& Z7.7 
18.0 9.4 14.3 19.2 1.8 8,0 20,4 -2.7 3,7 
Z4.0-10~1 -Z.O 1.Z-11.7 -Z,3 2.4-13.0 -2,6 
~.0-14,5 -5.4 7.Z -6.0 -2.8 8,4 6.~ 4,0 
T MAX AVERAGE TEMP 
PROGRA~ PARAM~TERS CURRENT VALUES 
Te:~PERATURES 
15,0 32.2 24.~ 
21.6 -5.8 1 '.3 
1~~-14.Z -3.1 
9,6 1 •• 5 11,4 
.,84 
(5) CLOUD 0,0 (0) ALB 0,165 (7) EMS 0,9850 (8) T IN 0,020 (~) LAT 
(10) OEC 3.0 (11) OIP 0,0 (12) STR 0.0 (13) TN 230,0 (14) TD 
PLOT 0' FINAL TE~P (+) ANO INPUT TEMP C*, AGAINST TI~E 
-10 .5 0 5 10 1~ 20 25 30 3~ 40 
12.0 
13,Z 
14.4 
1!J,. 
lb,8 
• • 
1,Z. * 
2,4+ * 
3,.· .. 
b.O+ * 
, 
.5 
* 
, 
+ 
, 
o 
• 
* + 
, 
t; 
* 
, 
+ 
• 10 
• 
* 
• 15 
• 
, 
• • 
, 
* 
+ 
• 
.. + 
* • 
* + 
+ 
.. + 
• • 
, 
• • ZO 25 30 35 40 
50 
• • 
• • 45 50 
34,1 
1"0,<1 
5' • 
• 
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TIME8, FINA~ SURFACE TEMPERATURES, 
12,0 33.4 25,1 13.2 35.' 2e~1 14.4 
le,O 10.1 14.3 19.2 5.~ 8~O 20.4 
24,0 -2.e -2,0 1.2 -3.' -2,] 2.4 
0,0 w6,9 -5.4 7,2 -0.7 -2,8 8.4 
T MAX 
PROGRA~ PARAMETERS CURRENT VALUES 
AND INPUT 
34.1 27,1 
2.4 3.7 
-4,e .. 2.6 
B.q 4,0 
TEMPERATURES 
15,. ae,e 24,5 
21~' 0,2 1~3 
3,b -5.6 -3.1 
'.' 1'.0 11.4 
(5) CLOUD 0,2 (0' ALB 0,365 (7) EMS o,qe~o (8) T IN 0,020 (" LAT ]4.7 
Cl0) DEC l.O (11) DIP 0,0 (1~' STR 0,0 (13) TN Z!O,O (14) TD iSO.O 
PLOT OF ~INAL TfMP (+) AND INPUT TEMP C*) ArAINST TIME 
-10 "' 0 5 10 15 20 25 30 35 40 
12.0 
13,Z 
19.2 
20,4 
21.' 
22.8 
24.0 
• 
, 
+* 
+ * 
+ * 
3,6 + * 
+ '* 
, 
-to 
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+ * 
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+ 
* 
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TIMfS, rINA~ SUR~ACE TE~PER~TURES, 
12,0 2q~8 25,1 13,2 27,0 28,1 14.4 
18,0 0.7 14.3 lq,l -1,3 8,0 ZO.4 
24,0 -b,Q -2.0 1.2 -7,7 -2~3 2,4 
6,0-13.4 -~,4 7.2 -a,b -2,a 8.4 
T MAX 
A"ID INPUT 
25.4 27,7 
-3.1 3,7 
.. e,4 -2,6 
0,5 4,0 
TE'-1PERATUR!S 
15.6 lQ.Q 24,5 
21,6 .. 4,7 1',3 
l,6 -9,0 .. 3,7 
Q •• 10,4 11,4 
CfWBUDU,STU •• 1 
PROGRA~ PARA~ETfRS CURRENT VA~UES (5) C~OUD 0~2 (b) A~B 0,365 (1) EMS O.Q850 (8) T IN 0.020 (~) LAT 1 •• 1 
(10) DEC 3.0 (11) DIP 0,0 (12) STR 0.0 (13) TN 2'0,0 (14) TO 130,0 
P~OT O~ rlNA~ TE~P (+' AND INPUT TEMP c*) AGAINST TIME 
-10 -5 0 5 10 1~ 20 25 30 35 40 
• • • • • 
, • 
, , • • 
, , , • 
12.0 + 
+. 
+ * 
+ * 
+ • 
+ * 
+ til 
2l,8 • * 
24,0 + * 
1,2 + 
* 
2,14 + 
* 
* 
• 
+ * 
+* 
• I:) 
, 
10 • 15 • o 
, 
20 
, , 
25 30 • 35 
, 
40 • 45 • '0 
, 
55 
1 
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I 
aaagaaaaaa 
TIMES, 'tNAL SURFACE TEMPERATURES, 
12.0 28.9 25,1 13,2 31.1 ie~l 14.4 
18.0 5.3 14,3 19,1. 2.0 8,0 20,4 
24,0 .4.9 wZ,O l,l -5,8 .2,3 2.4 
6,OwSO,3 .5.4 1,2 .4,8 w2.8 S,4 
AND INPUT 
29.5 21,7 
,,0.5 3.7 
,,6.1 w2.6 
4.5 4.0 
<EWBUDI)tSTU.,l 
TEMPERATURES 
15~6 24,2 24~5 16.8 15,' 10,1 is,. -2.3 1,3 22.8 -J,1 .~.o 
3,. -7.4 .3,1 4.8 .1,0 .'.4 
q" 14,5 11.4 10,8 23.1 10.1 
T MAX 31,1 ~V~RAGE TEMP 6.21 
PROGRAM PARAMETERS CURRENT VALUES 
• (5) C~OUD 0,2 (6) ALB 0,365 (1) E~S 0,9850 (8) T IN 0,020 Cq, ~AT '4,1 
CIO) DEC 3,0 Cl1) DIP 0,0 (12) STR 0.0 (13) TN 250.0 (14) TD aAO.O 
t 
P~OT O~ 'INAL TEMP (+) AND INPUT TEMP C*, AGAINST TIME 
.,0 -5 0 5 10 15 20 25 30 35 40 
12.0 
13.2 
14.4 
15,6 
1ft. 8 
18.0 
19,2 
20,4 
21.' 
22,8 
24,0 
10.8 
• 
, 
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+ " 
+ * 
+ * 
• * 
• o 
• • 
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'5 10 
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, , 
• • 
* 
+ 
.. . 
.. + 
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" 
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• • • • • • 15 20 25 30 35 40 
4~ 50 
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TIMfS, fINA~ SURFACE TEMPERATURES, AND INPUT 
12,0 37.0 25,1 13,2 39.9 28.1 14,4 38.0 21,7 
18.0 8,8 14.3 19.2 1.3 8.0 20.4 ~1.2 3.7 Zq.o.,o •• -Z.O 1.Z-12,2 -2~3 2.4_13.5 ~Z,~ 
b.0-14.9 -5.4 7.2 ~6.5 -2.8 8.4 •• 1 4.0 
TEMPERATURES 
15~b 31.b 24.5 
21 •• -b.l 1.3 
3.b-1U.1 "3~'7 
cf •• 19.0 11.4 
T MAX AVfRAGE TEMP b.31 
cF-WBUDI,.SIM"l 
PROGRA~ PARAMtTE~S CURRENT V~~UES (5' C~OUD O~O (6) A~~ 0,365 (7) EMS 1.0000 (8) T IN 0,020 (9) ~AT .J".1 
(10) DEC 3,0 (11) DIP 0,0 (12) STR 0,0 (13) TN Z30.0 (14) TD 140,0 
PLOT or FINA~ TE~P (+) AND INPUT TEMP (*, AGAINST TIME 
-to -5 0 5 10 15 20 25 30 35 40 4~ 50 .0 
• • 
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• • • 
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• • • • • • • • 
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APPENDIX 6 
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TAUTOCHRONES FROM PLAYA PROBE MEASUREMENTS 
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